In this paper, we report a direct imaging of narrow-band super Planckian thermal radiation in the far field, emitted from a resonant-cavity/tungsten photonic crystal (cavity/W-PC). A spectroscopic study of the cavity/W-PC shows a distinct resonant peak at λ ∼ 1.7 μm. Furthermore, an infrared CCD camera was used to record radiation image of the cavity/W-PC and a carbon-nanotube (CNT) black reference at λ ∼ 1.7 μm emitted from the same sample. The recorded image displays a higher brightness emitted from the cavity/W-PC region than from the blackbody region for all temperatures tested, T = 530-650 K. This observation is in sharp contrast to the common understanding of equilibrium thermal radiation, namely, a blackbody has a unit absorptance, a unity emittance and should emits the strongest radiation. Since the image was taken from the same sample and the temperature difference across the W-PC/ CNT boundary is less than 0.1 K, the observed image contrast gives a truly convincing evidence of super Planckian behavior in our sample. The discovery of a super-intense, narrow band radiation from a heated W-PC could open up a new door for realizing narrow band infrared emitters. The W-PC filament could also be very useful for efficient energy applications such as thermo-photovoltaics, waste heat recycling and radiative cooling.
Blackbody radiation is a fundamental property of matter at finite temperatures and its radiation spectrum was first derived by M. Plank in 1900 [1] . In his formulation, the concept of photon was introduced and the Bose-Einstein statistics used to describe equilibrium distribution of the emitted photons. Planck's blackbody radiation law also sets the upper limit of radiation intensity at equilibrium in the far field (the blackbody limit). In the absence of thermal equilibrium, deviations from the Planck's distribution may occur [2] , [3] . An interesting set of earlier experiments has revealed that certain photonic-crystal (PC) structures when driven out of equilibrium can exhibit significant deviation from the blackbody [4] [5] [6] . A further spectroscopic study on resonant cavity/ photonic crystal samples suggested that radiation intensity at the resonant peaks may exceed those of conventional blackbody under similar experimental conditions [7] . The finding is striking, and if it is indeed independently verified, the realization of a super-intense narrow band near-infrared radiation could impact a wide variety of energy applications, such as thermo-photovoltaics, waste heat recycling and radiative cooling/ heating. This new class of narrow band infrared source could also be useful for infrared imaging and chemical spectroscopy purposes.
In this paper, we report an imaging along with a spectroscopic study of far-field super-Planckian thermal radiation at optical wavelengths, i.e., at λ = 1.7 μm. The imaging method combines an infrared CCD (charge couple device) camera and an imaging telescope to record light emission from a thermally heated sample. A filter with an optical passband of λ = 1600−1800 nm was used to ensure that only radiation in the narrow band spectral range was detected by the CCD camera. About half of the PC sample was coated with a thin-layer of black VA-CNT (vertically aligned carbon nano-tube) having an A = 99.9∼99.98% absorptance, which provides for the blackbody reference. Thermal flow analysis (COMSOL Multiphysics 5.2a) indicates that sample's surface temperature in areas with and without CNT coating is uniform to within 5 K across the sample. Under this configuration, the imaging measurement was conducted and the corresponding narrow-band infrared images recorded for a series of sample's surface temperatures T = 530-650 K. It was found that the recorded image has a higher brightness from the cavity/W-PC region than from the black CNT region for all temperatures tested. This is in sharp contrast to the conventional understanding of equilibrium radiation that a blackbody has a unity absorptance and emittance and, therefore, should give the brightest radiative power. A further quantitative analysis of the image shows that the PC radiation intensity is 3.7∼5 times higher than that of a blackbody emitter at 650 K, providing a direct evidence of super Planckian thermal radiation at λ ∼ 1.7 μm in the far-field. Fig. 1(a) shows a drawing of standard blackbody radiation spectra at T = 800 K, 900 K, 1000 K (the red, green and blue curves) and also a schematic of a narrow-band radiation that is beyond the blackbody limit (the red, green and blue bars), respectively. Fig. 1(b) shows a schematic of our resonant cavity/tungsten photonic crystal (W-PC) sample. The W-PC is mounted on top of an electrical driven heater by ∼300 μm thick blackbody paint [8] . The W-PC/ heater assembly is then mounted on a one-inch long ceramic post to dewar pumped to 10 −6 -10 −7 Torr to eliminate thermal convection loss. An infrared NaCl window is used for optical transmission purpose. About half of the sample's top surface is covered with a layer of VA-CNT, having a total absorptance of A = 99.9∼99.98% [9] , [10] . The VA-CNT material was grown separately on a Ni-seeded silicon substrate. It was then peeled off from the silicon substrate and transferred and glued to the PCsample by thermally conductive blackbody paint. The VA-CNT has a layer thickness of 400 μm and a thermal conductivity of κ = 2000-6000 Watts/m-K [11] . According to our COMSOL model calculation, the temperature difference between the top and the bottom CNT surfaces is less than 0.1 K due to its high thermal conductivity. The computational modeling conducted in this study took into account the thermophysical properties and geometry of each layer to predict the temperature accurately. In this regard, we also validated our simulations using multiple experiments that recorded the steady-state temperatures of our sample's top surface. The predicted and the calculated values show good agreement for multiple cases. Fig. 1 (c) shows a schematic of the top view (x-y plane) of the sample, where its right-hand side is covered with VA-CNT material (the black color region). Fig. 1(d) shows the computed temperature profile of the sample's top surface at a heater input power of P = 5 Watts. The center region is about 5 K hotter than the edges, which is the maximum temperature variation across the sample. The slight oval-shape of the constant temperature contour is due to the slight rectangular shape of the heater geometry. Fig. 1 (e) shows the computed temperature distribution across the sample's top surface (along the red dashed line) for a series of heater's input power P = 4, 5, 6 and 7 Watts. The temperature variation across the sample is 3, 4, 5, and 5 K for P = 4, 5, 6 and 7 Watts, respectively. Note also that there is no observable temperature difference (<0.1 K) across the boundary between W-PC and VA-CNT regions. The insert of Fig. 1 (e) shows the computed 3D temperature profile of the sample at P = 5 Watts. The heating filament is found to be ∼40 K hotter than the sample's surface temperature. Accordingly, this slightly higher temperature might contribute to a weak non-equilibrium pumping for an enhanced W-PC radiation.
The sample used in this experiment consists of a micro-cavity fabricated on top of a 3D W-PC on a four-inch silicon wafer. The detail structure has been described earlier [7] . Here, we only give a brief account of it. The micro-cavity is formed by a SiO2 layer of thickness t cav = 554 nm sandwiched on both sides by SiO2/Si Distributed Bragg Reflector (DBR) mirrors. The thicknesses of the SiO2 and Si are t oxide = 275 and t Si = 120 nm, respectively. The 3D W-PC has diamond lattice symmetry and consists of six layers of alternating one-dimensional tungsten-rods [12] [13] [14] . The 1D tungsten-rods have a height of h = 0.6 μm, a rod width of w = 0.5 μm and a rod-to-rod spacing of a = 1.5 μm. The PC-cavity sample area is ∼7 × 7 mm 2 and the silicon substrate has a thickness of ∼300 μm.
We will first conduct spectroscopic study of the radiation spectrum of the heated cavity/W-PC. The purpose is to identify its radiation peak that corresponds to the fundamental resonant wavelength of the cavity/W-PC sample. This spectroscopic result will then allow us to perform imaging study of the Fig. 2 . Thermal radiation spectra of our resonant cavity/ W-PC sample, taken at a series of lattice temperatures, T = 530-640 K. The VA-CNT radiation is also shown as a blackbody reference at 640 K. The W-PC sample exhibits a distinctly sharp radiation peak at λ = 1600-1800 nm (indicated as the yellow region), far beyond the standard blackbody intensity. cavity/W-PC radiation peak at a narrow band. Very importantly, in the current study, spectroscopic testing of both the cavity/W-PC and blackbody reference was performed on the same sample and the same heating conditions. This is done by coating a small fraction of the sample (∼30%) with a black VA-CNT material and subsequently performing measurements on and off the VA-CNT area. This method is new and is to eliminate measurement uncertainty when taking the test samples in and out of the vacuum chamber. The method also ensures that both the cavity/ W-PC and VA-CNT radiation data were taken from the same sample, with a surface temperature uniform to within 5 K. While a similar spectroscopic study was reported earlier [7] , its blackbody reference was obtained from a separately coated sample and, hence, might be less accurate or convincing. Fig. 2 shows results of the measured radiation spectra of the heated cavity/W-PC sample at a series of sample's surface temperatures T = 530-640 K. Also shown is a blackbody spectrum taken at 640 K. The cavity/W-PC radiation spectrum shows a distinct peak at λ ∼ 1.7 μm with a FWHM (full-width-half-maximum) of λ ∼ 40 nm. This narrow line width is more compatible to that of a typical Ga1nN/GaN light-emitting-diode of λ ∼ 30 nm at λ ∼ 460 nm [15] than that of a standard blackbody radiator of λ ∼ 5.5 μm at 640 K. Contrary to Wien's displacement Law [16] , the wavelength of peak radiation is nearly independent of sample's surface temperature and pinned at λ ∼ 1.7 μm. At the same time, its peak radiation intensity at 640 K is ∼7 times higher than that of the blackbody also at 640 K. Given the method used and uniformity of sample's surface temperature, this data provides a convincing evidence of super-Planckian thermal radiation being emitted from our cavity/W-PC sample at λ ∼ 1.7 μm in the far field.
It may be argued that the 7-time radiation enhancement is due to a hotter sample's surface T in the cavity/W-PC region. Or, the cavity/W-PC radiation enhancement is due to leakage of light from a hotter heating filament underneath the sample structure. Both are valid considerations, but they are not likely to occur in our device. The reason is as follows. First, an FTIR (Fourier-transform-Infrared-Spectrometer) study shows that there is negligible transmission (<0.5%) of light at λ ∼ 1.7 μm through our cavity/W-PC sample. Therefore, leakage of light from the heating filament should not be significant. Also, in our testing setup, the radiation from our sample is detected through double apertures of 2 mm in diameter that are separated by 3 cm apart. The potential leakage of higher-T radiation from the chamber wall into the FTIR system would be off the angle and is, therefore, negligible. Second, if the cavity/W-PC region is to have a hotter sample's surface T, it would have to be 110 K hotter than the CNT-region to account for the 7-time enhancement. A brief quantitative analysis based on Planck's blackbody radiation law [1] , [16] is shown below. When the emitted photon energy ( ω) is much larger than the thermal energy ( ω >> k b T ), the Bose-Einstein distribution function becomes approximately the Boltzmann distribution function, 1/(e ω/k b T + 1) ∼ = e − ω/k b T . The temperature dependence of blackbody radiation intensity at a fixed Fig. 3 (b) heated to T = 605 and 630 K, respectively. The color-coded scale bar is also shown. The VA-CNT has an absorptance of 99.9∼99.98%, which serves as the blackbody reference. The radiation from the W-PC area is brighter than that from the VA-CNT area. wavelength is then given by the Boltzmann factor. Therefore, the ratio of the distribution function at two different temperatures (T 1 and T 2 ) becomes η = (e − ω/k b T 2 )/(e − ω/k b T 1 ). Here, we assume that the enhancement factor η is due entirely to the temperature difference of the emitter. In our case, when λ ∼ 1.7 μm, T 1 = 640 K and η = 7, we found T 2 = 750 K. In other words, the temperature in the W-PC region would have to be 110 K hotter than the VA-CNT region to account for the observed W-PC radiation enhancement. This is not likely to occur as sample's surface temperature is uniform to within 5 K. And, also, the hottest T of the system is the heating filament, which is ∼40 K hotter than the samples' top surface.
An independent and even more direct verification of the Super-Planckian radiation is performed using a near-infrared (IR) imaging method. Fig. 3(a) shows a photo of the infrared imaging setup. Thermal radiation is emitted from a heated cavity/W-PC sample of ∼7 × 7 mm 2 in size, which is placed inside a vacuum sample chamber. An imaging telescope is used to project the emitted radiation onto a near-IR CCD camera, with a spectral response λ = 0.85 − 2.2 μm. The bandpass filter is to ensure that only the narrow band radiation in the λ = 1600 nm-1800 nm range (the light yellow region in Fig. 2) is detected. Fig. 3(b) shows a photo of the cavity/W-PC sample, which is taken by a camera at visible wavelength and at room temperature. About half of the W-PC sample is covered with a VA-CNT (the black region) piece on the right hand side of it. The VA-CNT has a total absorptance of 99.9∼99.98% in the visible and infrared wavelengths [9] , [10] . The zigzag boundary of the VA-CNT piece is due to a non-ideal peeling off procedure of the VA-CNT layer from the silicon substrate where it was originally grown. There are also a few cracks within the VA-CNT piece, due perhaps also to the peeling-off practice. Fig. 3 (c) and 3(d) shows a recorded raw data of the near-IR image of a heated cavity/W-PC sample at 605 and 630 K, respectively. The grey-level of the image intensity is color coded for clarity and a corresponding scale bar is also shown. As expected, when samples' surface temperature is increased from 605 K to 630 K, the corresponding IR image becomes brighter. Moreover, both images display several common features that are worth mentioning. First, it is observed that the overall radiation from the cavity/W-PC region is brighter than that from the VA-CNT region. The center region of the sample is slighter brighter due partly to a slightly hotter temperature profile as illustrated in Fig. 1(d) . Secondly, there is a clear contrast of brightness across the cavity/W-PC and the VA-CNT (PC/CNT) boundary. Given that temperature uniformity across the sample and the PC/CNT boundary is better than 5 K and 0.1 K, respectively, these images represent a truly accurate comparison of cavity/W-PC and blackbody radiation intensity in the far-field. Thirdly, at and near the crack regions, the radiation is distinctly brighter than its surrounding VA-CNT region. There is also certain degree of light spreading around the crack. It is worth noting that the crack exposes the underneath cavity/W-PC radiation, which is again brighter than that from the surrounding VA-CNT material.
To provide a quantitative analysis of the CCD image shown in Fig. 3 (c) and 3(d), we record the image's grey-level intensity along a line across the sample. Specifically, a total of three line scans along the x-direction was recorded at y = 60, 130, 190 pixels (the red dashed line in Fig. 3 (c) and 3(d)). The hope was to observe a rapid change of radiation intensity across the PC/CNT boundary. The same analysis was also repeated for CCD images taken at a series of sample's surface temperatures, T = 530-650 K. Fig. 4(a) shows the CCD intensity as a function of the x-position along the red dashed line at y = 60 pixels. The CCD image has a background intensity of I ∼ 0.5 × 10 4 and a noise level of I ∼ 0.1 × 10 4 . At T = 650 K, the CCD intensity increases slightly from x = 10 to ∼130, drops rapidly at the PC/CNT boundary at x ∼ 135 and then decreases to the background level near the sample edge for x > 200. This rapid drop of the CCD intensity across the PC/CNT boundary offers a quantitative comparison of the radiation intensity between that emitted from the cavity/W-PC and the VA-CNT. Given the temperature difference across the PC/CNT boundary (the vertical red dashed line) is less than 0.1 K, this rapid intensity drop across the boundary is a truly convincing evidence of super-Planckian radiation been emitted from the cavity/W-PC into the far field. Furthermore, one may define an intensity enhancement factor as: η ≡ (PC I ntensi ty−backgr ound) (VA CN T I ntensi ty−backgr ound) . We found η = 3.7 at T = 650 K. Again, it may be argued that the 3.7-time cavity/W-PC radiation enhancement is due to a hotter sample's surface T in the cavity/W-PC region. If this is indeed the case, the cavity/W-PC region would have to be ∼72 K hotter than the CNT-region [17] . This is unlikely as sample's surface temperature is uniform to within 5 K across the sample. Further analysis of the data in Fig. 4(a) for images taken at lower temperatures gives an even higher enhancement factor. When sample's surface temperature is decreased from 630, 620, 605, 585 to 575 K, the enhancement factor is found to be increased from η = 3.9, 5.3, 5.8, 7.3 to 9.5, respectively. Fig. 4(b) show the line scan result along y = 130. In this case, the CCD intensity increases slightly from x = 10-60 and more rapidly from x = 60-100. At x ∼ 110, a rapid intensity drop across the PC/CNT boundary was observed. The rapid drop at x = 110 is again a confirmation of super-Planckian radiation been emitted from the cavity/W-PC region. The enhancement factor is found to be η = 4.5, 5.3, 6, 7.5, 7.8 and 10 at T = 650, 630, 620, 605, 585 and 575 K, respectively. Interestingly, even though the crack was introduced un-intentionally in the VA-CNT region, it allows the leakage of a much stronger W-PC radiation within an otherwise weaker VA-CNT radiation region. For example, a small crack exists at x ∼ 150, where a strong CCD intensity peak was observed. The peak has a slightly stronger intensity (CCD intensity = 3.4 × 10 4 ) than that in the W-PC region (CCD intensity = 3 × 10 4 ) due perhaps to a slight area concentration of radiation through the crack. The leakage of light also shows a significant spreading around the crack over about 50 pixels' spatial range. At present, the reason for area concentration and spatial spreading is not known. Similarly, Fig. 4(c) shows the line scan results along y = 190. This time, the rapid drop in CCD intensity occurs at x ∼ 115 and the corresponding enhancement factor is η = 5, 6, 7.3, 9.2, 11.5, and 13.3 at T = 650, 630, 620, 605, 585 and 575 K, respectively. The overall weaker CCD intensity for the y = 190 vs the y = 130 data may be due to the fact that the radiation is taken from the sample's far edge where sample's temperature is lower.
In the inset of Fig. 4(c) , we summarize the T-dependence of η at λ = 1.7 μm for all three line scans at Y = 60, 130, and 190, respectively. The experimental accuracy of η is estimated to be 10% due mainly to the background noise of the grey-level signal. We found that η decreases rapidly as T is increased and has an empirical (T) −6 dependence. The purple and black dashed lines are fitting curves to the data for Y = 190 and Y = 130/60 scans, respectively. The temperature dependence of the enhancement factor at 1.7 microns is likely due to metallic losses in the tungsten (arising from the electronic scattering rate) that increase with temperature, as modeled in reference-2. In this model, light output intensity is diminished by temperature-dependent resistivity in the metal.
In summary, we report a direct probing of narrow band super-Planckian thermal radiation emitted from a cavity/W-PC filament in the far field. Two independent testing were performed, one is a frequency-domain spectroscopy and the other a spatial-domain infrared imaging method. The spectroscopic comparison of the cavity/W-PC and black reference was done on the same sample and the same heating conditions. The method ensures that the comparison of radiation intensity is accurate and thus the observed super Planckian behavior is conclusive. Furthermore, an infrared imaging was done for a cavity/W-PC sample at T = 530-650 K, having half of it covered with a black CNT material. At T = 650 k, the infrared image shows (3.7-5) times brighter intensity emitted from the cavity/W-PC than that from a standard blackbody. This discovery is in sharp contrast to the conventional knowledge that a blackbody has a unity absorptance, a unity emittance and should emit the strongest radiation at any given temperature. Since the temperature difference across the PC/ CNT boundary is less than 0.1 K, the observed image contrast gives a truly convincing evidence of super Planckian behavior in our cavity/W-PC sample. The observed super-Planckian radiation may originate from the existence of non-linear Bloch waves and the excitation of localized surface plasmons throughout the W-PC interior [2] , [18] [19] [20] . Finally, the discovery of a narrow-band super Planckian radiation in the far field has important technological consequences in area such as highly efficient thermo photovoltaics [5] , efficient optical emitter driven by waste heat and also passive radiative cooling [21] . The demonstrated nano-filament of W-PC is a new type of super-intense infrared emitter. It represents a new class of narrow band infrared source that could be useful for IR imaging, IR tracking and also chemical spectroscopy.
